Abstract. China's economy may be vulnerable to climate change, and Northwest China is an area sensitive to climate change. This review paper summarizes the impacts of climate warming on crop production in typical arid and semi-arid areas of Northwest China. Over the last 50 years, the climate has undergone a series of changes, including higher temperatures, increased drought and warmer winters. The future climate will become warmer and drought will become more severe. This will result in accelerated crop growth, more damage by crop pests, degraded soil, a decline in rain resource utilization, serious effects on the crop growing environment, weakening of agricultural ecological system stability, increased fluctuation in grain yield, difficulty in adjusting crop planting structure, threatened food nutrition and security, increased grain production costs, and risk and uncertainty in grain security. Taking scientific measures to actively keep pace with climate change will be a key strategy for reducing grain security risks in Northwest China.
Introduction
Climate change is predicted to increase both drought frequency and duration (Dai, 2011; Ponce-Campos et al., 2013) . Arid and semi-arid regions account for 45% of the global land area, support 38% of the global population and are among the regions with the most fragile ecological and water resource systems . In the past 100 years, the mean temperature increase of global arid regions was 0.94°C, which is higher than the global mean temperature increase of 0.74°C. Temperature increases in arid regions of each continent, except South America, were above the global mean temperature increase. In the past 100 years, abrupt changes in rainfall have been mostly in arid and semi-arid regions globally (Tollefson, 2015) . Since the 1960s, rainfall in semi-arid regions of West Africa has decreased, with rainfall in the Sahel decreasing by 20-40%. About 10-20% of land in global arid and semi-arid regions have been seriously degraded, the area of extremely arid regions has doubled and the area of arid regions is close to 30%. Large-scale droughts have recently occurred in North America, Africa,
Figure 1. Map of northwest China. Over the past 10 years, researchers from Lanzhou Arid Meteorology Institute of the China Meteorological Administration and Ningxia University selected some experimental bases in Dingxi, Guyuan and Zhangye in typical arid and semi-arid areas of Northwest China to study the impacts of climate warming on crop production and provide important scientific information that can be used to improve grain security.
This paper aims to review climate observations and agricultural production trends in Northwest China and to use these observations to predict likely future changes. We highlight the main areas of vulnerability and sources of uncertainty based on recent literature and published data. The first section deals with the impact of recent climate change on food production, with particular attention to drought. Severe drought and rapid plant maturation are seriously threatening rain-fed crops in semi-arid regions. Increasing soil salinization and increases in plant diseases and insect pests are seriously threatening irrigated crops in arid regions. The second section deals with the main problems in agriculture caused by climate change, which has led to a decrease in agricultural ecological system stability, increased crop structure adjustment difficulties, threatened food nutrition, sharpened fluctuations in crop yield and an increase in the costs and investment needed for agricultural production. The last section integrates the measures taken against climate change, which mainly include selecting anti-drought species, adjusting crop structure, generalizing water saving techniques, developing cloud water resources, improving forecasting ability and developing low carbon agriculture.
Grain production is influenced by multiple factors
Over the past 50 years, the climate in Northwest China has experienced a series of changes, including higher temperatures, increased drought and warm winters. The future climate will continue to warm and droughts will become more severe.
Drought
The overall drought levels in Northwest China have become more severe. Extremely high and low temperature events have occurred and the frequency and duration of serious drought events have increased significantly (Lei et al., 2016) . Over the past 50 years in Northwest China, spring drought has occurred in 43, summer drought in 37 and autumn drought in 28 of these years. Continuous spring and summer droughts have occurred in 22, continuous summer and autumn droughts in 17 and continuous spring, summer and autumn droughts in 14 of the past 50 years. In the 1990s, serious drought disasters occurred at a much higher frequency than previous years. In 1995, the drought disaster area in Gansu Province was 2,087,000 ha, the direct disaster area was 1,708,000 ha and 150.0 × 10 4 t of grain yield was lost (Gao and Zhang, 2016) . In 2000, the drought disaster area in Gansu Province was 1,622,000 ha, the direct disaster area was 566,000 ha and 114.2 × 10 4 t of grain yield was lost (Lin et al., 2010) . Based on the Fourth IPCC evaluation, by 2050 the temperature in Northwest China will rise by 1.93-2.77°C; precipitation in mid-east Gansu, mid-south Ningxia and mid-north Shaanxi will decrease by 0.01-4.34%; drought disasters will be much more frequent, the dry hot wind effect will worsen and drought restrictions on grain production will be much greater Deng et al., 2010) .
Rapid plant maturation
It is well known that crop photosynthesis is influenced by excessively high temperatures. Some studies have shown that if temperature increases by 1.0-2.5°C, then photosynthesis in spring wheat at the trefoil stage significantly declines, ear separation and formation is seriously affected and the number of ear grains significantly decreases. As temperature rises, the photosynthesis rate at booting stage will also significantly decrease, dry matter accumulation will be seriously affected, thousand-grain weight will significantly decline and yield of spring wheat will decline . In the semi-arid rain-fed farming areas, the net photosynthesis rate and stomatal conductance of spring wheat at the milk filling and milk ripe stages declines as temperature rises, the transpiration rate increases and dry matter accumulation decreases (Zhao et al., 2007a) . The warming climate accelerates crop growth, shortens the growth duration and seriously decreases crop yield. Studies have shown that if temperature rises 0.6-2.2°C, the full growth period of peas in semi-arid rain-fed farming areas will be shortened by 3-17 d (Xiao et al., 2009 ) and the full growth period of corn in the semi-arid irrigated area will be shortened by 4-17 d (Wang et al., 2004) . If temperature rises 0.5-2.0°C, the full growth duration of the pea-spring wheat-potato rotation system in semi-arid rain-fed areas will be shortened by 11-42 d ( Table 1) .
Crop pests and diseases
Because of the warming climate, pest breeding periods will be prolonged, the growth of bacteria and pests will accelerate, pest lifecycles will be shortened and there will be more pest generations. Warm winters in Northwest China favor pest breeding and enable them to live through winter, thus the crop pest problem will increase as winters get warmer. Warm springs favor pest breeding because the dry and rainless weather in spring creates favorable conditions for wheat aphids and wheat spider mite (Deng et al., 2012) . The occurrence of wheat sharp eyespot, powdery mildew and wheat spider mite are correlated with climate change (Zhao et al., 2005) . The incidence of stripe rust (Liu et al., 2009) , corn bollworm and red spider mite (Zheng et al., 2001), pea root rot (Xiao et al., 2009 ) and potato late blight in Northwest China has increased as temperature has risen, and the area affected by diseases and pests has risen by 3.5% annually (Yao et al., 2010) .
Accelerated soil degradation
The rate at which loess becomes soil in the semi-arid areas is correlated with temperature and rainfall. Climate warming accelerates decomposition of soil organic matter, which leads to a decline in soil fertility; and ion exchange in soil increases and soil pollution becomes worse ). Climate warming also accelerates the upward movement of salts as the soil water content drops, which leads to an increase in salinity of the farming layer (Fig. 2) . If the temperature rises by 0.5-2.5°C in winter, the effective nitrogen in soil will decrease by 2.45-4.66 g/kg and soil salinity will increase by 0.39-0.50 g/kg. It is estimated that the irrigation water needed to neutralize the increase in salinity caused by climate warming will be 129,000,000-140,000,000 m 3 in the Ningxia Yellow River Irrigation Area. After winter warming, the water content in soil in arid areas will significantly decrease. If the temperature rises by 0.5-2.5°C in winter, then the water content in the crop growing layer of the soil will decrease from 18.5% to 16.2-12.5% . Annual mean temperature increased by 0.40°C/year, but the change in annual rainfall was not significant.
Growth period of spring wheat was significantly shortened by 24 d, the seeding period was significantly delayed by 17 d, the emergence period was postponed, the maturing period was advanced and the whole growing period was shortened.
Yield of spring wheat decreased significantly. Planted area of spring wheat declined year on year in the warm-cool semi-arid area. Yield of spring wheat was reduced by 16.5-18.5%. Photosynthesis rate of irrigated spring wheat in the arid area during the trefoil and booting stages was decreased by warming, and so the yield was reduced by the decrease in the number of grains and the thousand-grain weight. Annual mean temperature increased, but the annual rainfall decreased.
Shortening of the wintering-greening period was significantly correlated with the extremely low temperature. Shortening of the milky ripeness-maturing period was significantly correlated with extremely high temperature, and prolonging of the greening-elongating and blooming-milky ripeness periods was significantly correlated with extremely low temperature.
Yield of winter wheat in the semi-arid area of the Loess Plateau was significantly and positively correlated with the lowest temperature in the wintering period; however, the highest temperature in the greening-booting and milky ripeness-maturing periods was significantly and negatively correlated with yield. Because of the excessively high temperature, the wintering period of winter wheat was shortened, the soil moisture fell faster and the wheat seedlings grew more rapidly. In the dry plateau of Weibei, the growing of winter wheat was significantly influenced by climate warming. Sowing period for winter wheat was delayed by 2-6 d/10 years, the greening period was delayed by 4.7 d/10 years, the maturing period was advanced by 7.7 d/10 years and the number of days in the greening-maturing period was shortened by about 16-19 d.
Yield of winter wheat was significantly influenced by rising temperature. The growth of winter wheat after greening was accelerated, the growing period was shortened, the maturing period was generally advanced and the climate conditions were not favorable for the production of local winter wheat. An increase in temperature will improve the winter wheat yield. It was predicted that climatic changes may lead to the increase of 2.6-6.0% in annual wheat yields. Growing period of the crop rotation system of pea-spring wheat-potato was shortened by 11-42 d.
Yield of the crop rotation system: pea-spring wheat-potato, was reduced by 3.2-9.4%. In the semi-arid area of the Loess Plateau, the crop rotation system was significantly influenced by climate warming over the long term. http 
Decreased rain resource utilization ratio
Climate warming directly influences crop photosynthesis and transpiration, accelerates soil moisture evaporation and influences the effective utilization of water. Over the past 50 years, the temperature in semi-arid rain-fed farming areas has risen by 0.6-1.6°C, rainfall has decreased from 105.6 to 67.7 mm and the water utilization rate of spring wheat has decreased by 0.3-0.5 kg/hm 2 . In the future, if temperature rises by 0.5-2.5°C, the pea water utilization rate will decrease by 4.3-33.3%, and the water utilization rate of the spring wheat-pea-potato rotation system will decrease by 3.0-12.4%. If the temperature rise is < 1.5°C and annual rainfall is > 310.0 mm, then the water utilization rate of potato will still increase. However, if the temperature rise is > 1.5°C and the rainfall is < 310.0 mm, then the water utilization rate of potato will decrease. The global climate change over the next 50 years will negatively influence the general water utilization of crops in Northwest China ( Table 2 ).
Decreased utilization of trace elements
Climate warming will decrease biological utilization and increase the concentration of trace elements by influencing soil microorganism and cell enzyme activities. Studies have shown that if the temperature rises by 1°C, the concentrations of cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn) and manganese (Mn) will increase by 5.8, 2.8, 4.4, 90.6 and 3.6%, respectively . If warming continues, it is estimated that by 2050, the contents of Cd and Zn in spring wheat kernels in the semi-arid rain-fed farming area of Northwest China will exceed acceptable values by 490 and 27%, respectively, and iron (Fe) and Zn will transfer from soil to potato stem tubers and leaves at an increased rate (Fig. 3) . Climate change will decrease the utilization rate of trace elements, reduce protein and reducing sugar contents and significantly degrade crop quality.
Food security will be challenged by many problems
Climate warming negatively affects the agricultural ecosystem in Northwest China, increases grain yield fluctuations, modifies crop structure, threatens grain nutritional security, increases grain production investment and increases grain security risk and uncertainty.
Decreased agricultural ecosystem stability
Different species have different responses to global climate change and the composition of agricultural ecosystems will significantly change with global climate change. Warming raises the respiratory activity of agricultural ecosystems, accelerates the mineralization of soil organic carbon and reduces carbon storage in the ecosystem. Climate warming accelerates the decomposition of organic matter in the soil, promotes soil ion change and increases soil pollution. It accelerates soil water evaporation and increases saline and alkali damage to the soil farming layer. Climate warming can modify the solubility of trace elements in the soil by influencing soil microorganism activity, http://www. crop growth rates, photosynthesis rates and cell enzymatic activity (Li et al., 2013) . This means that climate change will modify agricultural ecosystem composition, structure, function and biodiversity and reduce ecosystem stability.
Increased crop structural adjustment
Climate warming considerably improves the effective heat reserve, prolongs the frost-free period and substantially modifies crop structure (Leng et al., 2015) . Over the past 50 years, the growth period starting date of suitable crops in Northwest China has advanced, the termination date postponed and the crop growth period prolonged. Compared with 1951-1980, the northern planting border for winter wheat in Shaanxi, Inner Mongolia and Qinghai during 1981-2007 moved northwards and westwards. In the 1970s, the northern planting border for winter wheat in Ningxia was 36°N, but now it has extended to 39°N in the Yellow River Irrigation Area. However, the most-suitable areas and suitable areas for potato growing have been reduced by 35 and 3%, respectively; the less suitable areas and plantable areas have increased by 18.5 and 6.6%, respectively, and the unsuitable area has been reduced by 2.0%. The potato and corn planting areas have extended from south to north and from low to high altitude and have gradually got larger over the years (Yao et al., 2010a) . Over the past 30 years, the altitude of suitable planting areas for spring wheat, pea and potato in the Qilianshan mountainous area have risen by 100-200 m, suitable planting areas for potato in mid-east Gansu have risen by 100-200 m and suitable planting areas for corn in the Gansu Corridor have risen by about 150 m ( Table 3) .
Contribution to the shortage of water resources
Climate change has led to the spatial and temporal variations of temperature and precipitation, which may result in hydrological drought and water shortage on the Hexi Corridor in the semi-arid climate zone of Northwest China (Gao and Zhang, 2016) . The Weihe River, the largest tributary of the Yellow River, experienced runoff declines as large as 35% in the last century. The results showed that precipitation and runoff have decreased since the baseline decade. We further estimated the relative contributions of human activity and climate change to the hydrological response of the Weihe River Basin and determined that human activity has a greater impact on basin runoff than climate change factors. The percentages in change of runoff due to climate change were 36, 28, 53 and 10% in the 1970s, 1980s 1990s and 2000s, respectively (Chang et al., 2015) . The seasonal changes in temperature and rainfall may have positive impacts on water quality. However, an extremely cold spring and high wind speed are likely to affect the self-stabilizing equilibrium states of the reservoir, which requires attention in the future. This study provides useful information regarding the potential effects of climate change on water quality in China (Zhang et al., 2015a Winter and spring temperatures in the semi-wet area of the Loess Plateau increased significantly, the winter death rate of winter wheat decreased and the moisture utilization rate increased. Annual mean temperature increased and annual rainfall decreased.
Winter wheat yield was significantly and positively correlated with the lowest temperature during the winter period.
In the 1970s, the northern border of the winter wheat rain-fed farming area in Ningxia was at 36°N, but has now moved to 39°N in the Yellow River Irrigation Area. Annual temperature significantly increased and annual rainfall decreased.
The harvest ears of spring wheat were highly reduced, and many seedlings died during the elongation period.
Spring wheat has been replaced by winter wheat in the semi-arid rain-fed farming areas within 34°55′-35°26′N. The main meteorological factors influencing potato yield were temperature in the tuber expansion period (mean temperature in July-August) and rainfall over the whole growing period (May-September). There was not much demand for moisture during the early and later periods of potato growth. Demand for water was greatest in the blooming period and this period coincided with the main rainfall period in the Loess Plateau.
Climate warming in the Loess Plateau is both advantageous and disadvantageous for potato production. Temperature increase negatively influenced the yield of potato, except during the harvest period. The stem expansion period was also quite sensitive to temperature change. Rainfall negatively influenced yield, except during the seedling and harvest periods. The branching-blooming period was also quite sensitive to rainfall change.
In the warm-cool semi-wet areas in the northwest, warming was advantageous for potato production. The most-suitable areas and suitable areas for potato planting were reduced in size by 35 and 3%, respectively. The less suitable areas and plantable areas increased by 18.5 and 6.6%, respectively. In the semi-arid area of the Loess Plateau, climate change seriously influenced potato production.
The main influence of climate change on potato yield was warming.
Yao et al.
Infrared radiator farm warming simulation experiment. Experimental base: Guyuan.
Temperature increased by 0.5-2.5°C. If temperature rose by 1.5-2.5°C, the dry matter, starch and vitamin C contents in potato increased, but the protein and reducing sugar contents significantly decreased.
Warming seriously influenced potato quality in the semi-arid area of the Loess Plateau.
Xiao et al. (2013)

Corn
Meteorological observation data and corn climate data during 1981-2008.
Since 1971, the temperature and sunshine suitability for corn during the whole growing period increased, while the rainfall suitability decreased.
The amount of sunshine during the seedling-elongating, elongating-heading and heading-milky ripeness periods was significantly correlated with yield. Temperature during the sowing-seedling and heading-milky ripeness periods was significantly correlated with yield. Rainfall in the elongating-heading and heading-milky ripeness periods was also significantly correlated with yield.
Temperature suitability for corn in the northwest arid farming area became more favorable, so climate change was favorable for corn growing. The corn planting area can be enlarged. Mean temperature during the corn growth period was less than the critical temperature.
Corn yield in the semi-arid rain-fed farming area decreased by 3% for every 1°C temperature rise.
Future increases in temperature may cause the mean temperature during the corn growth period to exceed the critical temperature, thus leading to a lengthening of the growth period. Warming directly influenced the photosynthesis rate and respiration rate, which affected the accumulation of dry matter and reduced crop quality.
In the plateau area of Qinghai (Xining and Ledu), the climate became warmer, the heat resource significantly increased and the crop plant structure and planting area changed significantly.
Liu et al. (2007)
Change in mean temperature, highest temperature, lowest temperature and effective temperature accumulated at ≥ 10°C in the corn growing period during the 2020s, 2050s and 2080s.
Future highest temperatures will sharply increase in south Ningxia; the mean temperature, lowest temperature and effective temperature accumulated at ≥ 10°C will sharply increase in north Ningxia.
Future temperature rises will promote corn production in Ningxia, and the extra effective temperature accumulated at ≥ 10°C will provide more heat.
Altitude of suitable planting areas for corn in the south mountainous area of Ningxia will rise by 150 m. Climate warming has meant that high yielding varieties can be planted, the variation in corn yield per unit area decreased and ensured stable high yields. (Li et al, 2012 ).
Threat to food nutrition
Changes in temperature, drought and rainfall modify the inputs of chemical fertilizer and pesticides, degrade soil quality and increase crop pest problems (Zhang et al., 2015a) . Climate warming also modifies the absorption of trace and heavy metal elements and causes a lack of nutrients and excessive uptake of toxic elements, such as aluminum and Mn. This decreases the distributed proportions of photosynthetic products in stems, leaves and fruits and directly reduces food nutritional value (Lu et al., 2015) . It is estimated that if temperature rises by 1°C, the starch content in spring wheat in Northwest China will decrease by 1.6% and protein content will increase by 0.8% . If the temperature rises by 1.5-2.5 °C, the dry matter, starch and vitamin C contents in potato will increase, but the content of protein and reducing sugars will significantly decrease (Fig. 4) . High temperatures and dry hot winds will increase the spread of pests and threaten food security.
Increased crop yield fluctuations
Climate warming will modify the physiology and ecology of crops in Northwest China, accelerate crop growth and seriously affect crop yield . During 1980-2010, the yield of spring wheat in Northwest China was generally reduced by climate warming and the size of the yield reduction was larger in the rain-fed than the irrigated farming area. If the temperature increases by 1°C, the yield of spring wheat in semi-arid rain-fed farming areas will fall by 15-30% and the yield of corn will fall by 3% ). In the semi-arid rain-fed area of Tongwei and Dingxi, within 34°55′-35°26′, spring wheat has been replaced by winter wheat in recent years and pea is no longer grown (Xiao et al., 2008) . If temperature rises by 0.5-2.5°C, the yield of spring wheat will decrease by 16.5-18.5%. If temperature rises by 0.6-2.2°C, the yield of pea in the rain-fed farming area will decrease by 6.3-17.5% and if the rise is 0.5-2.0°C, the yield of pea-spring wheat-potato rotation crops will decrease by 3.2-9.4% (Xiao et al., 2009) . It is estimated that over the next 50 years, the threat to grain security in the arid and semi-arid areas of Northwest China will significantly increase. http (Xiao et al, 2013 ).
Increased investment in grain production
Climate warming decreases soil fertility, and so demand for fertile land for growing crops will increase. Climate warming will increase soil moisture evaporation and plant transpiration and so a greater water resources will be needed (Liu and Cui, 2011 ). It will also increase salinity and high pH damage to the soil farming layer and create difficulties when trying to improve saline and high pH soils. Finally, climate warming will greatly increase the risk index of pests during the crop growing period, especially in spring. All these factors mean that climate warming will significantly increase the cost of grain production (Zhang et al., 2015b ).
Conclusion and outlook
The development of high thermal requirements, high yield potential and heat-tolerant crop varieties, together with improvements in agronomic management, should be encouraged to meet the challenges of climate change and increasing food demand in future. Taking scientific measures to actively keep pace with climate change will be a key strategy for reducing the risk to grain security in Northwest China. To this end, these regions need to implement crop planting structure strategies, such as 'Winter Wheat Northward', 'Compression of Summer Crop Planting and Expansion of Autumn Crop Planting' and 'Multiple Cropping' to promote the adjustment of agricultural structure and cropping systems needed to enhance the level of food production. There is a need to actively promote study of the impact of climate change on food security to be able to provide an accurate scientific basis for responding to food security threats. Priority needs to be given to water since the stability of ecosystems will be reduced by global climate change and this will exacerbate the complexity of water resource problems Zhang et al., 2015c) . Drought disaster events in northwestern regions have occurred more frequently and the severity of hail, thunderstorms, violent floods and dry, hot winds has increased. It is essential to establish prediction and warning technology for extreme weather events in order to enhance the ability to respond to such events and reduce the impact of future natural disasters .
